During the clonal expansion of cancer from an ancestral cell with an initiating oncogenic mutation to symptomatic neoplasm, the occurrence of somatic mutations (both driver and passenger) can be used to track the on-going evolution of the neoplasm. All subclones within a cancer are phylogenetically related, with the prevalence of each subclone determined by its evolutionary fitness and the timing of its origin relative to other subclones. Recently developed massively parallel sequencing platforms promise the ability to detect rare subclones of genetic variants without a priori knowledge of the mutations involved. We used ultra-deep pyrosequencing to investigate intraclonal diversification at the Ig heavy chain locus in 22 patients with B-cell chronic lymphocytic leukemia. Analysis of a non-polymorphic control locus revealed artifactual insertions and deletions resulting from sequencing errors and base substitutions caused by polymerase misincorporation during PCR amplification. We developed an algorithm to differentiate genuine haplotypes of somatic hypermutations from such artifacts. This proved capable of detecting multiple rare subclones with frequencies as low as 1 in 5000 copies and allowed the characterization of phylogenetic interrelationships among subclones within each patient. This study demonstrates the potential for ultra-deep resequencing to recapitulate the dynamics of clonal evolution in cancer cell populations.
C
ancer encapsulates many of the tenets underpinning evolutionary biology. Genetic variation within a cancer cell population, in the form of somatically acquired mutation, occurs randomly but at a defined rate influenced by, for example, exposure to carcinogens, frequency of cell turnover, and integrity of DNA repair pathways. Subclones of cells have a mixture of shared and private somatic changes that are subject to intense selective pressure and biological competition. The subclones with the best evolutionary fitness will, in time, come to dominate the cancer cell population, and each will be marked by the presence of mutations that provide a direct competitive advantage (driver mutations) and by others acquired during clonal evolution that contribute nothing to the subclone's oncogenic potential (passenger mutations) (1) . Development of a symptomatic neoplasm may appear to be a linear procession at the macroscopic scale, but at the individual cellular level there will be many subclonal extinction events and coexistent, competing genotypes. Indirect experimental evidence for such models of cancer development include the high prevalence of somatically acquired mutations in some cancer types (1) (2) (3) , the rapid emergence of preexisting drug resistant clones after selection with molecularly targeted therapy (4) , and the long latency between initiating events and clinical presentation of a malignancy (5, 6) . However, direct demonstration of multiple genetically related subclones within a tumor and their phylogenetic relationships has been hampered by the lack of tools for the detection of rare genetic variants.
Massively parallel sequencing has the potential to identify the compendium of rare subclones of genetic variants that may exist in human tumors in an unbiased fashion, unlike more conventional genotyping methods that require a priori knowledge of the mutations. This technique has been applied, for example, to the discovery of cells carrying drug resistance mutations before the initiation of therapy in both cancer (7) and infectious diseases (8, 9) . To date, deep resequencing has detected variants down to a frequency of 1 in 100 (7) (8) (9) , but its sensitivity for the detection of rarer variants has not been tested. With the appropriate informatic analyses and experimental design, the depth and breadth of sequencing available on the next-generation platforms will provide the tools to reconstruct clonal interrelationships of cancer cell populations, with relevance to identifying and tracking subpopulations of cells responsible for drug resistance, invasion, metastasis, and relapse, as well as annotating the genuinely initiating genetic lesions.
We sought to explore this potential using B-cell chronic lymphocytic leukemia (CLL) as a model system. It is a clonal malignancy of B lymphocytes in which each patient's leukemia carries a unique and functional VDJ rearrangement of the Ig heavy chain locus, IGH. More than half of CLL patients show evidence for extensive somatic hypermutation of a 300-bp region of the IGH rearrangement (10), using the same machinery that normal B cells enroll during the polyclonal response to antigen. There is growing evidence that interactions between autoantigens and the B-cell receptor, enhanced by certain patterns of hypermutation, are important in the clonal evolution and prognosis of chronic lymphocytic leukemia (11) , although genomic lesions at other loci, such as microRNAs, also play a critical role in disease pathogenesis (12, 13) . Recent reports have documented the existence in some CLL patients of subclones of leukemic cells that have patterns of somatic hypermutation within the IGH locus different from the dominant clone of cells (14) (15) (16) , although the depth of these studies for probing the leukemic population is of necessity limited by the need to clone either PCR products or individual cells.
We therefore evaluated the potential of massively parallel pyrosequencing for identifying subclones of leukemic cells with variant IGH hypermutation in patients with CLL and for reconstructing the phylogenetic relationships. Although artifacts introduced during library preparation and sequencing become problematic for detecting variants with a frequency Ͻ1 in 100, sequence read-lengths of Ϸ250 bp from individual DNA molecules allowed us to identify haplotypes of somatic hypermutations carried by individual leukemic cells. This led to the characterization and quantitation of subclones as rare as 1 in 5000 and demonstrated the complexity of clonal evolution at the IGH locus in this disease.
Results

Deep Resequencing of the IGH Rearrangement in CLL.
We developed a nested PCR approach to amplify the clone-specific IGH VDJ rearrangement in 22 patients with B-cell CLL (Fig. 1A) . The first round of amplification used published consensus primers for the IGH locus (17), and the second round used clone-specific nested primers. The PCRs from each patient were pooled and sequenced on the 454-FLX machine (Roche Diagnostics). Because each bead analyzed by pyrosequencing is effectively the sequence of a single DNA molecule, each read represents an IGH haplotype from a single leukemic cell.
A total of Ϸ385,000 sequences were generated using this protocol. Read length was remarkably consistent across the experiment (Fig. 1B) . The average read length was 246 bp, indicating that the total yield from the sequencing run was Ϸ95 Mb. Using a nested PCR approach fulfilled 2 aims. First, the yield of PCR products was equalized across samples because the second round of PCR is not limited by template concentration and therefore always reaches saturation. Thus, except for 2 samples with disappointingly low yields, the number of sequences per patient was approximately comparable across the cohort (Fig. 1C) . Second, because the primers were nested, generally only VDJ rearrangements from the CLL cells were amplified and sequenced. For every patient sample, Ͻ1% of the sequences generated were from contaminating polyclonal B cells.
Analysis of the Control Locus.
To assess sequencing error rates, we included a control amplicon from the germ line IGH locus. The DNA used for the control sample came from normal renal tissue, was amplified using exactly the same PCR conditions as the CLL samples, and had no known polymorphisms in this region. We assumed that any variant base calls from the sequencing were artifacts.
Among incorrect base calls of apparently high quality, several distinct patterns of errors emerged ( Fig. 2A) . First, the pattern of insertions and deletions was not uniform across the locus, with certain positions of the amplicon being particularly susceptible to these artifacts. These errors were predominantly found around runs of 4 or more bases of the same nucleotide, known as ''homopolymer tracts,'' and reflect the known difficulty of resolving these using pyrosequencing methods. Second, there were more errors of all types toward the end of the sequence than at the beginning. Third, a low rate of substitutions was found throughout the length of the amplicon.
We found 19255 artifactual insertions in the 3.33 Mb of sequence from the control locus, of which 5287 were high quality and recurrent (seen in Ն 3 reads). The position of these insertions was predictable, with 4 patterns accounting for all but 14 of them [supporting information (SI) Fig. S1 A] . During the pyrosequencing protocol, nucleotides are flow-released in a specific cyclical order (A, C, G, and then T). Around homopolymer tracts of a given base, an artifactual insertion of the same base often would be called at the flow-release of that nucleotide immediately before or after the repetitive tract. These 2 patterns accounted for 4201 and 115 of the insertions, respectively. This artifact probably represents phasing errors in the pyrosequencing in which individual molecules of DNA on the microbead may get ahead or lag behind the majority during the cyclical release of nucleotides. A third pattern, accounting for 29 of the insertions, was the insertion of the same base as in a homopolymer tract at the next true instance of that nucleotide after the tract. The final pattern, which accounted for 928 of the insertions, was insertion of nucleotides after 200 bp of the sequence had been read. This likely reflects the low signal-to-noise ratio seen toward the end of sequence reads. Of the 14 insertions that did not reflect any of these patterns, none was seen in both forward and reverse reads.
A total of 7822 artifactual deletions were called in the control sequences, with 2076 being high-quality and recurrent deletions. Many deletions occurred in primer sequence (497/2076, Fig. S1B ) and therefore represent errors during primer synthesis rather than pyrosequencing artifacts. Apparent deletions at homopolymer tracts accounted for 1359 deletions. Similar to the patterns seen for insertions, we also saw artifactual deletions at the next instance of the same base after a homopolymer tract (76 deletions) and deletions after 200 bp of sequence had been read (133 of the 2076 deletions). Eleven deletions did not fall into any of these 4 patterns; all 11 occurred at the same base and exclusively in the reverse reads.
High-quality, recurrent substitutions tended to occur at a lower but more even rate across the amplicon and had the pattern of Taq polymerase errors. Examination of the pyrograms suggested they were unlikely to be pyrosequencing errors (Fig. S1C ), because they were not necessarily associated with homopolymer tracts, often occurred early in the sequence read, had high signal-to-noise ratios, and were seen in both forward and reverse reads. Moreover, the observed substitution rate is higher than that quoted for highquality substitutions caused by sequencing errors on the 454 platform (Ϸ1-2/10 kb) (18) . There was a definite bias in the base changes observed (Table 1 ). TϾC; AϾG transitions were the most frequent, with an observed high-quality error rate of 1.2 per 1000 sequenced bases. The next most common substitution was the other transition, GϾA; CϾT (0.37 per 1000 sequenced bases). Transversions were less common, all occurring at Յ 0.15 per 1000 sequenced bases. The pattern of these base substitutions is similar to those observed in studies of PCR fidelity (19) (20) (21) , suggesting that polymerase errors are the cause of most of the observed substitutions here, despite the use of a blend of Taq polymerase and proof- reading enzyme. The errors probably represent polymerase substitutions during library preparation rather than emulsion PCR, because the pyrosequencing trace suggests all molecules on the bead have the same substitution (Fig. S1C ).
The rate of polymerase errors determines the fundamental limit of the ability of deep resequencing to detect non-artifactual singlebase substitutions in PCR amplicons. We hypothesized that the biological properties of polymerase substitutions would be analogous to drug-resistance mutation rates in microbes, because such mutations also arise spontaneously in a population and double in size with each generation/cycle. The prevalence of microbial mutations follows the Luria-Delbrück distribution (22) . We therefore fitted this model to the observed distribution of each of the 6 classes of base substitutions in our data. We found good concordance between the observed and fitted frequencies for the TϾC; AϾG transition ( Fig. 2B ) and for the CϾT; GϾA transition (Fig. 2C) , as well as the transversions (data not shown). This concordance provides further support for the hypothesis that the observed substitutions do indeed arise from polymerase errors, and the predicted distribution also allows the calculation of the probability that a given number of substitutions at a particular base could have arisen as a consequence of Taq misincorporation.
An Algorithm to Detect Rare Subclones. The challenge for any deep-resequencing experiment is to distinguish the rare genuine variants from artifacts generated during library preparation or sequencing. We developed a bioinformatic algorithm based on the preceding analysis of the control locus to identify reads containing genuine variants (Fig. S2) . Artifacts caused by pyrosequencing errors were eliminated by ignoring any apparent substitutions, insertions, or deletions occurring near or in homopolymer tracts and requiring any pattern of variants to be seen in both forward and reverse reads. To eliminate artifactual substitutions caused by Taq polymerase errors, we used our observation that they are random events, occurring independently at a fixed rate for each particular base change. In contrast, genuine somatic hypermutations in subclones of CLL cells often show several substitutions linked on the same DNA molecule, namely haplotypes of variants. Before accepting a haplotype of variants as a genuine subclone, we required it to be seen at least 3 times, to be seen in both forward and reverse reads, and to show no evidence of poor-quality sequence on manual examination of the pyrosequencing trace.
Analysis of Patient Samples. The algorithm outlined in the previous sections was applied to the sequencing data from patient samples and did indeed identify rare haplotypes showing a pattern of somatic hypermutation different from that seen in the dominant clone. In fact, we were able to detect subclones down to a frequency of 1 in 5000 reads, confirming the exquisite sensitivity of the deep resequencing approach. Examination of the pyrosequencing traces confirmed that these variant mutations were found in high-quality sequence reads, away from homopolymer tracts and often in close linkage with each other (Fig. 3A) . Furthermore, as exemplified in Fig. 3A , different subclones often shared mutations that were not found in the dominant clone, suggesting they were clonally related.
Six of the 24 samples (25%) showed evidence for Ͼ1 clone in their population of CLL cells, with the number of identified clones per sample varying from 2 to 18 ( Fig. 3B and Table S1 ). Of the 16 patients who had somatic hypermutation of Ͼ2% of bases in their dominant IGH clone, 4 showed evidence for intraclonal diversification, and 1 of the patients who had both IGH alleles rearranged showed evidence for intraclonal diversification in both alleles. Surprisingly, however, 1 of the patients with 3 subclones (PD2099a ;  Table S1 ) actually had no mutations in the dominant clone of CLL cells, suggesting that the phenomenon of clonal evolution of the VDJ rearrangement is not restricted to the subgroup of patients with established somatic hypermutation. The prevalence of individual subclones varied over several logs, ranging from 0.09 of the total population for the most frequent down to the limit of detection for the depth of sequencing in this study, 0.0002. There were no differences in clinical features between patients who had evidence for intraclonal diversification and those who did not (Table S2) , although the sample size is too small for definitive conclusions. Many of the identified subclones showed a surprising number of bases that were different from the dominant clone (Fig. 3C) , ranging up to 18 variant bases, even though the amplicon length was Ͻ300 bp. However, approximately half of the subclones had 5 or fewer variant bases compared with the dominant clone, and this may be underestimated given that genuine subclones with a 1-base difference are difficult to distinguish from Taq errors.
Several features of the subclones identified in this study argue strongly that the subclones arise from the somatic hypermutation machinery and therefore represent genuine stages in the clonal evolution of CLL in these patients. Most significantly, many of the differences seen between individual subclones and the dominant clone actually represent the germ line base in the subclone and a mutated base in the dominant clone (seen in 15 of the 17 subclones from PD2087a and all 6 from PD2106a). Up to 7 bases in some subclones showed this pattern, a number much too large to be explained by artifactual errors of library preparation or pyrosequencing. Furthermore, for each of the 5 samples with somatic hypermutation of the IGH locus in the dominant clone, the subclones and dominant clone shared a core subset of mutations, confirming the clonal relationship between the subclones and the dominant clone of cells. Furthermore, the subclonal mutations showed many of the properties of somatic hypermutation. For example, the transition:transversion ratio was Ϸ 1:1, as expected. No genuine insertions or deletions were identified, which is not surprising because they often cause frameshifts. Moreover, the subclonal mutations falling in the structural regions of the heavy chain, known as the ''framework regions,'' showed that the rate of replacement mutations (those causing an amino acid substitution) was significantly less than would be expected by chance (PD2087a Replacement:Silent (R:S) ratio 12:12, P ϭ 0.0008; PD2106a 1:6, P ϭ 0.01), whereas mutations in the complementarity-determining regions showed a pattern more consistent with that expected by chance (PD2087a R:S ratio 12:6, P ϭ 0.2; PD2106a R:S ratio 1:1, P ϭ 0.8). This difference between R:S ratios in the structural and antigen-binding regions of the IGH locus is a well recognized property of somatically hypermutated VDJ rearrangements under selection pressure (14, 23) .
Reconstructing the Phylogenetic Relationships of Leukemic Sub-
clones. These observations suggest that the evolutionary relationships among the subclones and dominant clone of CLL cells may provide insights into the clonal development of the leukemia. We therefore fitted unrooted parsimony models to generate phylogenetic trees for the 2 samples with the most complex and numerous subclones, PD2087a (Fig. 4A) and PD2106a (Fig. 4B) .
Bootstrapping was performed to evaluate the reproducibility of the trees. This demonstrated that although exact ancestral relation- ships among individual subclones show some uncertainty, there is strong support for 3 different classes of subclones: intermediate stages on the route to the dominant clone, blind alleys representing divergent evolution from a common ancestor, and on-going evolution from the dominant clone itself. The persistence of the intermediate stages and divergent subclones suggests that the initiating driver mutation(s) in leukemogenesis must have occurred at or before the earliest branch-point of the tree. That the dominant clone shows further evolution from this ancestral branch-point suggests that at least 1 other driver mutation must have occurred to give it a selective advantage over the other subclones; otherwise the dominant clone could not have become so numerically dominant. There is extensive evidence that the IGH-locus hypermutations themselves play a driver role in these clonal expansions (11). Here we observed that mutations shared by all clones (i.e., the earliest events) showed a somewhat higher rate of replacement mutations (R:S ratio 10:4) compared with mutations seen only in some subclones (R:S 26:25). Although greater numbers of patients need to be studied to confirm the pattern, this finding would be consistent with the hypothesis that somatic hypermutation of the antigen receptor plays an early role in leukemia development (11) and that later mutations (i.e., those evident only in some subclones) are subject to negative selection pressure if they cause significant alterations to protein structure.
Discussion
This study illustrates the informatic analyses required to use ultradeep resequencing for the detection of rare DNA variants at a particular locus. Previous studies have demonstrated sensitivity down to 1 in 100 copies (7-9), and we have extended this to detect genuine haplotypes at the IGH locus in B-cell CLL that are as rare as 1 in 5000 copies without a priori knowledge of their sequence. The wealth of detail yielded by the sequencing allowed the documentation of phylogenetic interrelationships among the subclones to a much greater resolution than previous reports of intraclonal diversification in CLL (14) (15) (16) . In particular, we have identified rarer subclones than possible with more conventional methods, have found evidence that at least 2 driver mutations underlie the clonal expansions seen in 2 patients with CLL, and have provided support for the hypothesis that positive selection for somatic hypermutation of the antigen receptor is an early event during leukemogenesis (11) .
We have demonstrated that polymerase errors determine the maximum sensitivity of deep resequencing for the detection of single-base changes in an amplicon. This concept is particularly important because many potential applications of deep resequencing involve the detection of single amino acid substitutions, such as imatinib resistance mutations in chronic myeloid leukemia (24) and gefitinib resistance mutations in lung cancer (7, 25) . For our experiment, for example, with the nested PCR protocol and the blend of Taq polymerase and proof-reading enzyme we used, we would be unable to designate a single T-to-C transition as genuine unless it was present at Ͼ 1 in 50 copies, or a T-to-A transversion as genuine unless it was present in Ͼ 1 in 1000 copies. This is even more critical for studies using cDNA, because reverse transcriptases have error rates at least a log higher than DNA polymerases (26) .
These data have several implications for our understanding of the clonal evolution of CLL and extend previous reports of these subclones (14) (15) (16) . The preponderance of silent mutations in the structural regions of the IGH gene in many of the subclones suggests that significant negative selection pressure has acted at this locus during the intraclonal diversification of the leukemia, eliminating deleterious replacement mutations, as described previously (14) . Unexpectedly, subclones are not restricted to patients with extensive hypermutation in their dominant clone. Not all patients showed evidence for multiple IGH subclones, however. It is possible that intraclonal diversification in these samples was missed, either because the PCR amplification and sequencing failed to sample all subclones or because the subclones were too rare to detect at the depth of sequencing performed in this study.
Many of the observed subclones represent intermediate stages or divergent branches from the route of germ line configuration to dominant clone (Fig. 4) . Because a patient has many billions of circulating CLL cells at any given time, and this population turns over at a rate as high as 1% per day (27) , even a subclone with a frequency of 1 in 5000 must have significant leukemogenic potential in its own right. Therefore, we can hypothesize that all these subclones share at least 1 initiating genetic lesion with oncogenic potential. Furthermore, for the dominant clone to become numerically predominant, it must have a selective advantage over its direct predecessors, suggesting the existence of at least 1 more driver mutation in that clone, whether it be in the IGH locus or elsewhere.
This study demonstrates the potential of new sequencing technologies for the delineation of clonal evolution in cancer. Although CLL is a particularly strong model system for testing these concepts, because of the high mutation rate in a stretch of DNA that is sufficiently short to be covered with a single sequencing read, it certainly is possible to conceive similar studies in other cancers. Phylogenetic trees could be established by genotyping distinct populations of cancer cells, whether they are sorted individual cells or samples from geographically or temporally distinct parts of the tumor, including regions of invasion, metastasis, or relapse. informed consent. The study had approval from the local research ethics committee. All patients had B-cell CLL diagnosed using standard criteria on the basis of characteristic peripheral blood morphology and CD5ϩ, CD19ϩ, monoclonal light-chain immunophenotype. We studied anonymous DNA samples from unsorted mononuclear cells of 22 patients, 16 of whom had Ͼ 2% somatic hypermutation of the IGH locus. In 2 patients both IGH loci were rearranged; in both cases a frameshift mutation in 1 of the alleles rendered it nonfunctional. For these 2 samples, both rearrangements were investigated with deep resequencing. In addition to the 24 patient amplicons, a control locus within the germ line configuration of the IGH locus using DNA from a normal renal biopsy was sequenced.
Methods
454 Sequencing. Six PCRs, representing each of the 6 families of V H segments, for each patient's VDJ rearrangement were performed using the BIOMED consensus forward primers, all binding in framework region 1, and the consensus reverse primer for the J H segment (17). The products were visualized on an agarose gel, and the monoclonal band from the leukemic cells was excised and Sanger sequenced. Nested primers were designed in which the 5Ј sequence of the primer was specific for the 454-FLX emulsion PCR, followed by a 3-bp barcode unique to each patient, and completed by an Ϸ20-bp primer sequence specific to the given patient's IGH rearrangement. PCRs were performed using a blend of Taq polymerase and proof-reading enzyme (High fidelity Platinum Taq; Invitrogen), with 35 cycles for each round.
Amplicons from the patient and control samples were purified and pooled before performing emulsion PCR, using the same polymerase/proof-reading blend. Two emulsion PCRs were performed, for forward and reverse sequencing, and microbeads then were collected, combined, and deposited onto slides provided for the 454-FLX instrument (Roche Diagnostics). Massively parallel pyrosequencing was performed according to the manufacturer's protocol, and base calls and quality scores were extracted using the GS-amplicon software provided with the platform.
Bioinformatic and Statistical Analysis.
A flow-chart of the bioinformatic algorithm used to identify genuine haplotypes of variants is shown in Fig. S2 . Sequences derived from each patient were identified from their unique 3-bp barcode and aligned with the dominant clone for that patient using the BLAST algorithm (BLASTN v2.2.15). Insertions and substitutions (with their corresponding Phred quality scores) were extracted, as were deletions (with the associated fall in peak height) for each sequence. Homopolymer tracts, defined as Ն4 bp of the same base in a row, were identified in the dominant clone's sequence, and any insertions occurring at the flow release of that nucleotide immediately before or after the tract or at the next instance of that base after a tract were excluded from further analysis. Low-quality insertions (quality score Ͻ 20) were excluded also. Only deletions with a drop of Ն 0.75 of the base's height were considered. Deletions at homopolymer tracts were excluded.
To identify Taq error rates, the Luria-Delbrü ck distribution was fitted to the number of high-quality (Ն 20) substitutions of a given type (for example, TϾC; AϾG) occurring at each at-risk base (i.e., each T or A) along the amplicon. The observed median was calculated using the Jones estimator, as described (22) and was used as the basis for calculating the maximum likelihood of the mutation rate via the recursive MSS algorithm (22) . With this estimate of the mutation rate and the known number of reads covering a given base as the denominator, we could calculate the expected frequency distribution for the number of substitutions at this base. Reads carrying only a single substitution compared with the dominant clone were counted as genuine if the frequency of the given substitution exceeded the 98% threshold for Taq errors thus calculated. To calculate the appropriate threshold for reads with 2 substitutions compared with the dominant clone, we inputted the number of reads with just 1 of the 2 substitutions as the denominator in the same calculation. The chances of 3 polymerase errors clustering on the same DNA molecule (maximum frequency 1/500,000 per amplicon) was substantially less than the depth to which we sequenced the amplicons, and these clusters therefore were considered genuine.
Thus, an algorithm to identify haplotypes of variants was developed. Unique haplotypes of high-quality substitutions (quality Ն 20) were identified in the dataset of sequences for a given sample. Where there were only 1 or 2 variants compared with the dominant clone, they would be considered genuine only if of sufficient frequency to exceed the expected number of polymerase errors. Only haplotypes seen in both forward and reverse reads were considered genuine to exclude strand-and context-specific sequencing errors. Once variant reads had been identified, these were examined manually to confirm that observed mutations were of good quality and convincing and to check whether mutations seen in reads from other subclones were present (but at lower quality than the 20 threshold). This latter step was important because occasionally, especially toward the end of sequence reads, genuine hypermutations found in other subclones might be missed.
The sequences of clones and subclones for a given patient underwent multiple alignment using the ClustalW2 algorithm (www.ebi.ac.uk/Tools/clustalw2/ index.html) with default parameters and phylogenetic trees fitted using unrooted parsimony methods implemented in Phylip (http://evolution.gs. washington.edu/phylip.html) with default parameters. Reproducibility of the phylogenetic trees was assessed using 1000 bootstrap samples of individual nucleotides in the multiple alignment. The statistical analysis of replacement and silent mutations in framework and complementarity-determining regions was performed using multinomial distribution methods, as described (23) , on the authors' applet (http://www-stat.stanford.edu/Ig/). ACKNOWLEDGMENTS. P.J.C. is funded by the Kay Kendall Leukaemia Fund. The Cancer Genome Project is supported by the Wellcome Trust. We acknowledge the assistance of the Addenbrooke's Hospital Haematological Disorders Sample Bank in processing and providing the samples for analysis.
